Early detection of cancer and its precursors remains the best way to ensure patient survival and quality of life. Our specific aim is to test a multimodality approach to noninvasive diagnostics of oral premalignancy and malignancy. In the hamster cheek pouch model ͑120 hamsters͒, in vivo optical coherence tomography ͑OCT͒ and optical Doppler tomography ͑ODT͒ map epithelial, subepithelial, and vascular change throughout carcinogenesis. In vivo multiwavelength multiphoton ͑MPM͒ and second-harmonic generated ͑SHG͒ fluorescence techniques provided parallel data on surface and subsurface tissue structure, specifically collagen presence and structure, cellular presence, and vasculature. Images are diagnosed by two blinded, prestandardized investigators using a scale from 0 to 6 for all modalities. After sacrifice, histopathology is evaluated on a scale of 0 to 6. Imaging data are reproducibly obtained with good accuracy. Carcinogenesis-related structural and vascular changes are clearly visible to tissue depths of 2 mm. Sensitivity ͑OCT/ODT alone, 71 to 88%; OCT+ MPM/ SHG, 79 to 91%͒ and specificity ͑OCT alone, 62 to 83%; OCT+ MPM/ SHG, 67 to 90%͒ compare well with conventional techniques. Our conclusions are that OCT/ODT and MPM/SHG are promising noninvasive in vivo diagnostic modalities for oral dysplasia and malignancy.
Introduction
According to the American Cancer Society, 1,220,100 patients were diagnosed with cancer in the year 2000. In the same year, 552,200 persons were expected to succumb to cancer. 1 Despite significant advances in cancer treatment, early detection of cancer and its curable precursors remains the best way to ensure patient survival and quality of life. Oral cancer will claim approximately 10,000 lives in the United States this year. 2, 3 Of all oral cancer cases documented by the National Cancer Institute Surveillance, Epidemiology and End Results Program, advanced lesions outnumbered localized lesions more than 2:1. The 5-y survival rate is 75% for those with localized disease at diagnosis, but only 16% for those with cancer metastasis. 2, 3 These data clearly indicate that, currently, most cases of oral cancer are detected far too late, and that earlier detection of these lesions would enormously improve the prognosis of these patients.
Two basic facts indicate that early detection of oral malignancy should be possible to a far greater extent:
1. Accounting for 96% of all oral cancers, squamous cell carcinoma is usually preceded by dysplasia presenting as white, red, or mixed red and white epithelial lesions on the oral mucosa ͑leukoplakia, erythroplakia͒. Leukoplakias develop in 1 to 4% of the population. 2 Malignant transformation, which is quite unpredictable, occurs in 1 to 40% of leukoplakias over 5 yr. Dysplastic lesions in the form of erythroplakias carry a risk for malignant conversion 2 of 90%. Thus, oral cancer is predominantly preceded by white or red lesions that are visible to the naked eye, and often present for a considerable period of time prior to transformation. A noninvasive diagnostic modality would enable monitoring of these lesions at regular intervals and detection of treatment needs at a very early, relatively harmless stage.
2. High-risk populations are clearly defined by tobacco use, alcohol abuse, urban environment, specific races, poor diet, and frequent exposure to sunlight. [1] [2] [3] [4] A fast, mobile, inexpensive noninvasive diagnostic modality would enable detection of oral lesions and of treatment needs at an early, relatively harmless stage. cious oral lesions, and dentists are also remiss in the early diagnosis and referral for oral cancer. [1] [2] [3] [4] [5] Since 11% of dentists and 45% of physicians do not feel adequately trained to complete an effective oral cancer examination, this results in their failure to examine for oral cancer. The current approach to detecting the transformation of leukoplakia to squamous cell carcinoma is regular surveillance combined with biopsy or surgical excision. However, visual examination provides very poor diagnostic accuracy, and biopsy techniques are invasive and unsuitable for regular screening of high-risk sectors of the population. Adequate visual identification and biopsy of all such lesions to ensure that they are all recognized and diagnosed is difficult.
Several studies have investigated use of vital staining with agents such as Lugol iodine, toluidine blue, and tolonium chloride for detection of oral malignancy. [6] [7] [8] [9] [10] [11] Although the sensitivity of these agents in the hands of experts generally approximates 90%, specificity of these agents is poor; sensitivity rapidly decreases when this modality is used by nonexperts such as screeners in field units. [6] [7] [8] [9] [10] [11] Extensive clinical experience is necessary to perform these examinations adequately. 6-11
Photosensitizers
Topical or systemic application of chemical agents called photosensitizers can render pathologic tissues fluorescent when exposed to specific wavelengths of light. 12 While several studies have demonstrated the use of various porphyrins as photosensitizers, their accumulation in skin after systemic administration can cause phototoxic reactions upon exposure to sunlight. 13, 14 An alternative approach is to stimulate synthesis of photosensitizing agents in situ with a photoinactive precursor. The photosensitizer, protoporphyrin IX ͑PpIX͒ is an immediate precursor of heme in the biosynthetic pathway for heme. In certain types of cells and tissues, the rate of PpIX synthesis is determined by the rate of synthesis of 5-aminolevulinic acid ͑ALA͒, which in turn is regulated via a feedback control mechanism governed by the concentration of free heme. The presence of exogenous ALA bypasses the feedback control of this process, inducing the intracellular accumulation of photosensitizing concentrations of PpIX. A selective accumulation of PpIX occurs in areas of increased metabolism such as tumor cells. 12, 15 The resulting tissuespecific photosensitization provides the basis for using ALAinduced PpIX for photodynamic diagnosis and therapy, whereby far lower light doses are used for photodynamic diagnosis. This technique has shown great promise in animal and human studies for head and neck cancers including oral lesions. [16] [17] [18] [19] [20] [21] [22] [23] Limitations include the localization of induced fluorescence to the surface layers of the epithelium, and the fluorescence caused by common coexisting clinical pathologies such as candidal superinfection, hyperplasia, atrophy, ulceration.
Endogenous fluorescence
Another approach to fluorescence-based oral diagnosis uses endogenous emissions, or autofluorescence. One concept is the use of excitation and emission peaks at one specific set of wavelengths targeting specific fluorophores within the tissues and pathology-related changes that will affect fluorescence of these chromophores. While many authors have published extensive data on this approach, significant challenges include the low SNR, difficulty in quantifying data and in defining diagnostic milestones and endpoints, and limited tissue penetration. [23] [24] [25] [26] Most studies were performed on small numbers of small biopsy samples, which do not necessarily translate directly or accurately to the clinical situation.
Other studies have measured fluorescence spectra in normal and neoplastic tissues. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Challenges are similar to those cited in the previous paragraph. Additionally, the abundance of data generated and our lack of complete understanding of the carcinogenesis process renders data analysis and interpretation very challenging. Localizing the exact source of the signal also can be difficult.
Precancers are characterized by epithelial changes including increased nuclear size, increased nuclear-to-cytoplasmic ratio, hyperchromasia, pleomorphism, angiogenesis, and increased metabolic rate. 37 Epithelial invasion of underlying structures with loss of basement membrane marks the transition to full-blown malignancy. The neoplastic process is associated with changes in the extracellular matrix ͑ECM͒, especially the collagen fibers and the framework that they constitute. Several authors have described collagen loss in early malignancy, although the time-resolved and spatially resolved sequence of this process remains undefined. 38 Angiogenesis and altered tissue perfusion and oxygenation also are implicated in neoplasia, but the specific sequential, spatial, and functional relationship between vascularization and neoplasia remains undefined. Thus, a noninvasive in vivo multimodal capability to image and characterize pathological oral changes at three levels-macroscopic, vascular, and cellular-should provide excellent diagnostic capability and advance our understanding of the sequential and spatial processes involved in oral carcinogenesis.
Optical Coherence Tomography ͑OCT͒ and Optical Doppler Tomography ͑ODT͒
OCT is a new high-resolution optical technique that enables minimally invasive imaging of near-surface abnormalities in complex tissues. It has been compared to ultrasound scanning conceptually. 39 Both ultrasound and OCT provide real-time structural imaging, but unlike ultrasound, OCT is based on low-coherence interferometry, using broadband light to provide cross-sectional, high-resolution subsurface tissue images. 40, 41 The engineering principles behind OCT have been described previously. [42] [43] [44] [45] Broadband laser light waves are emitted from a source and directed toward a beamsplitter. One wave from the beamsplitter is sent toward a reference mirror with a known path length and the other toward the tissue sample. After the two beams reflect off the reference mirror and tissue sample surfaces at varying depths within the sample, the reflected light is directed back toward the beamsplitter, where the waves are recombined and read with a photodetector. The image is produced by analyzing interference of the recombined light waves. Cross-sectional images of tissues are constructed in real time, at near histologic resolution ͑approximately 10 m with our current technology͒. This enables in vivo noninvasive imaging of the macroscopic characteristics of epithelial and subepithelial structures. While some research has reported ophthalmologic, dermatologic, gas-trointestinal ͑GI͒, gynecological, cardiac, and other OCT applications, the little research that has been reported in the oral cavity has focused predominantly on periodontal disease and hard tissue pathology. [69] [70] [71] ODT combines Doppler velocimetry with OCT, resulting in extremely high resolution tomographic images of static and moving constituents such as blood in highly scattering biological tissues. Based on a phase-resolved technique, high spatial resolution and high-velocity sensitivity can be obtained simultaneously without compromising the image speed.
Multiphoton Excited Fluorescence ͑MPM͒
MPM is a nonlinear, high-resolution optical method used in a variety of biological imaging applications. 72, 73 The imageforming signal in MPM arises from the simultaneous interaction of two or more photons with the sample. Two-photon interactions in MPM result in second-harmonic generation ͑SHG͒ and two-photon excited fluorescence [74] [75] [76] [77] ͑TPF͒. In TPF, two near-IR ͑NIR͒ wavelength photons are simultaneously absorbed, resulting in the emission of a longer wavelength photon. 78 TPF can be observed, depending on energy dissipation pathways of chromophores present in the examined specimens. Fluorescence spectra from two-photon absorption will not necessarily resemble spectra from linear spectroscopy. In SHG, the two NIR wavelength photons interact within the specimen to form a single photon of half the wavelength of the incident field.
Endogenous SHG in biological materials arises from the large molecular anisotropy and second-order nonlinear susceptibility typical of biological molecules and structures. 78 Collagen appears to be the tissue constituent mainly responsible 79, 80 for SHG.
The goal of these studies was to use a combination of noninvasive optical in vivo technologies to test a multimodality approach to noninvasive diagnostics of oral premalignancy and malignancy.
Materials and Methods
Using the Golden Syrian Hamster ͑Mesocricetus auratus͒ cheek pouch model, 81 thrice weekly application of 0.5% DMBA ͑9,10 dimethyl-1,2-benzanthracene͒ in mineral oil to one cheek pouch produced dysplastic leukoplakia in 3 to 5 weeks, and squamous cell carcinoma after 8 to 12 weeks. Histological features in this model have been shown to correspond closely with premalignancy and malignancy in human oral mucosa. 81 The other cheek pouch was treated with mineral oil only and served as control. Noninvasive in vivo OCT/ODT and MPM/SHG were performed in hamsters by attaching the anesthetized hamster's everted cheek pouch to the microscope stage using a specially designed and fabricated ring-shaped clamp rigidly fastened to the stage surface. The clamping device was marked on its rim at 1-mm intervals to enable the use of localization coordinates for designating areas of specific interest and for achieving repeated, atraumatic scans with different modalities in exactly the same location. Accurate relocalization of the clamping device at weekly intervals was ensured by marking several coordinates of the device outline on the hamster cheek pouch using an animal microtattooing device ͑Ketchum lab animal micro tattooer, Ottawa, Canada͒. Three animals were sacrificed each week and tissues were subjected to routine sectioning and staining to provide parallel histopathology to the imaging data.
Histological evaluation of each stained section was quantified by two blinded, prestandardized scorers ͑one oral pathologist, one dentist͒ according to the criteria established by Macdonald, 82 . The following numerical grading system was used for each slide: 0-healthy, 1-hyperkeratosis, 2-mild dysplasia, 3-moderate dysplasia, 4-severe dysplasia, 5-carcinoma in situ, and 6-squamous cell carcinoma.
OCT diagnostic scores were based on changes in keratinization, epithelial thickening, epithelial proliferation and invasion, broadening of rete pegs, irregular epithelial stratification, and basal hyperplasia. Epithelial invasion was defined as loss of visible basement membrane. Each site was assessed for each of the preceding characteristics at a level of either none ͑0͒, slight ͑1͒, or marked ͑2͒. The score for each site depended on the range and severity of individual features and the proportion of epithelial thickness affected. Each scorer evaluated all data in one session once all data accrual was complete. OCT and hematoxylin and eosin ͑H&E͒ stained images were not paired in any way. A second reevaluation of all images by the same scorers in one session 3 months later was used to evaluate intraobserver variability.
MPM diagnosis was also scored using a scale of 0 to 6; H&E stained images were not paired with corresponding MPM images. MPM scores were based on collagen presence, structure, fiber length/organization, cellular exudates, vascularization, and microtumors. For collagen presence, fiber length, matrix structure, and organization as well as inflammatory exudates and presence of microtumors, changes were categorized as affecting percentages of image area: none, 1 to 25, 25 to 50, 51 to 75, and Ͼ75%. Vessel presence and location data were descriptive.
Finally, a combined diagnostic score designed to take advantage of the two imaging modalities was created by taking the average of the two OCT readings and two MPM readings, rounded to the nearest whole number.
Results and Discussion
Using in vivo OCT/ODT, we were able to image multiple epithelial and subepithelial layers as well as the presence or absence of basement membrane. Epithelial invasion during malignant transformation was clearly identified. Blood vessel presence, size, and localization relative to tumor tissue were visible, and blood flow could be quantified. In oral malignancy, small blood vessels were often seen in close proximity to tumor tissue. Figures 1-3 show in vivo OCT ͑left͒ and H&E stained images ͑right͒ of healthy, dysplastic, and malignant hamster cheek pouch. In the OCT images, multiple epithelial and subepithelial layers and presence or absence of basement membrane are clearly visible. In the figures, the labels are 1, keratinized surface layer; 2, flat stratified squamous epithelium; 3, submucosa-dense fibrous connective tissue; 4, longitudinal striated muscle fiber; and 5, basement membrane.
Diagnostic Usefulness of OCT
Intraobserver agreement for the two modalities ͑histopathology and OCT͒ at the two scoring time points was excellent. Using the kappa statistic for each of the two observers separately and for the observers combined, agreement was ജ90% for each modality. The kappa statistic for OCT was 0.603 ͓standard error ͑SE͒ = 0.091͔, indicating substantial agreement between observers based on the Brothwell standard scale of kappa significance in oral epithelial dysplasia. 82 "Substantial" spans kappa values from 0.61 to 0.80, lying between a "moderate" kappa of 0.41 to 0.60 and an "almost perfect" kappa of 0.81 to 1.00. This level of agreement can be elucidated as follows. For histopathology, there was perfect interobserver agreement between the two scores for any sample. For OCT, there was never a discrepancy of more than 1 point between scorers. Although the two observers disagreed in 12 of 35 cases, 25% of disagreements were between in situ carcinoma ͑5͒ and malignant ͑6͒, and 25% were between ratings of 0 and 1. Both these categories of discrepancy are minor with a low level of clinical relevance. In no case was there a disagreement between malignant ͑5 or 6͒ and nonmalignant ͑0 to 4͒, nor was any discrepancy more than 1 point.
OCT diagnosis agreed with histopathology for 56 of 70 ͑80%͒ readings ͑kappa= 0.767, SE= 0.056͒. Based on the Brothwell scale for oral epithelial dysplasia, 83 this kappa value is ranked as "substantial." Using OCT, the histopathology was underestimated by one category in six cases and overestimated in eight cases. In no instance was the difference between histopathology and OCT more than one level. Diagnostic sensitivity of OCT for differentiating between healthy ͑0 to 1͒ versus pathological ͑2 to 6͒ lesions was 0.98 ͑SE = 0.020͒, and specificity was 0.95 ͑SE= 0.049͒ if each score is considered separately ͑n =70͒. Using this technique, each sample is counted twice, as each sample was evaluated separately by each of the two scorers. Using the consensus score ͑n =35͒ from both investigators ͑in case of nonconsensus, the average of the two scores was used͒, sensitivity for OCT was 100% and specificity was 90%. Diagnostic sensitivity and specificity for differentiating between malignant ͑5 to 6͒ versus nonmalignant ͑0 to 4͒ lesions was 100%, and specificity was 96% ͑SE= 0.028͒. Using the consensus score from both investigators ͑in case of nonconsensus, the higher of the two scores was used͒, sensitivity for OCT was 100% and specificity was 96%.
MPM
Noninvasive, atraumatic MPM and SHG imaging were possible in vivo throughout carcinogenesis in the hamster model at surface and subsurface levels within the tissues from 0 to 900 m depth. All of the images shown here were registered at a depth within the tissues of 700 to 800 m. In vivo MPM clearly imaged a wide range of structural and functional characteristics. The presence and structure of the collagen/ elastin framework were clearly visible, cellular infiltrates were apparent, normal versus engorged blood vessels could be identified, and microtumors were visualized. With the progression of carcinogenesis, the collagen matrix became increasingly disturbed, with reduced collagen fiber length and organization in the early dysplastic stages, followed by increasing loss of collagen fibers until, in squamous cell carcinoma, 40 to 60% of the ECM appeard to be devoid of a coherent collagen matrix. Cellular exudates developed, and finally microtumors became predominant as carcinogenesis progressed. Vascular change was most obvious during inflammation.
Diagnostic Usefulness of MPM
In this study, the diagnostic potential of MPM was compared with the histopathological gold standard. The same 35 animals and techniques were used as described in the preceding OCT/ ODT section. Histological and MPM diagnosis of each sample were scored by two blinded, prestandardized investigators, as described for OCT. Again, diagnoses for both modalities were scored using a scale of 0 to 6; H&E stained images were not paired with corresponding MPM images. MPM scores were based on collagen presence, structure, fiber length/organization, cellular exudates, vascularization, and microtumors. For collagen presence, fiber length, matrix structure, and organization as well as inflammatory exudates and presence of microtumors, changes were categorized as affecting percentages of image area: none, 1 to 25, 25 to 50, 51 to 75, and Ͼ75%. Vessel presence and location data were descriptive.
Collagen fiber length and organization showed changes very early in the carcinogenesis process ͑2 to 3 weeks DMBA͒, whereas the onset of changes in the collagen presence occurred somewhat later ͑4 to 6 weeks͒. Cellular exudates were common throughout pathogenesis. In healthy tissue, a well-structured linear collagen matrix, with long, individual collagen fibers was seen consistently throughout the tissues. Blood vessels as well as cellular components within blood vessels were apparent. In inflamed tissues, en-gorged blood vessels were seen within an intact, but looser and less dense collagen matrix. Vessel presence and location appeared normal. Collagen fibrils appeared shorter, and the matrix demonstrated less of an interwoven structure. Typically, collagen presence was normal, but structure and organization were mildly altered in Ͻ25% of image area. Cellular infiltration was seen as diffuse patches of red autofluorescence in Ͻ25% of image area. The interstitial matrix was only partially intact in dysplastic tissues, with some areas of total collagen loss and other areas with variably reduced matrix structure and density. Typically, collagen presence, fiber length, and matrix structure were all reduced with increasing dysplasia severity. The collagen matrix presence and structure were altered in 25 to 75% of the image area. Collagen fibers that were present showed marked clumping. Blood vessels were occasionally engorged. Cellular exudates were seen throughout the tissues, typically affecting 25 to 50% of image area. Autofluorescence from microtumors was observed in malignant tissues. In early lesions, these were often very small, localized areas interspersed between remnants of collagen matrix. However, in tissues with advanced tumors, the collagen framework became disrupted to the point of complete disappearance and replacement by microtumors.
Intraobserver agreement for the two modalities ͑histopathology, MPM͒ at the two scoring time points ͑t 1 =0, t 2 = 3 months͒ was excellent. Using the kappa statistic for each of the two observers separately and for the observers combined, intraobserver agreement was greater than 90% for each modality. With a kappa of 0.800 ͑SE= 0.074͒, agreement between the two pathologists was at the top end of "substantial" on the Brothwell scale, 83 only one percentage point below "almost perfect."
MPM agreed with the histopathology for 62 of 70 ͑88.6%͒ readings. The MPM was underestimated by one category in three cases and overestimated in five cases. In no instance was the difference between histopathology and MPM more than one level. Using the kappa statistic, agreement between histopathology and MPM was "almost perfect" according to the Brothwell scale, 83 measuring 0.833 ͑SE= 0.069͒ for observer 1, 0.900 ͑SE= 0.055͒ for observer 2, and 0.867 ͑SE= 0.044͒ for the observers combined.
Diagnostic sensitivity of MPM for differentiating between healthy ͑0 to 1͒ versus pathological ͑2 to 6͒ lesions was 98% ͑SE= 0.020͒ and specificity was 95% ͑SE= 0.049͒ if each score was considered separately. Using this technique, each sample was counted twice, as each sample was evaluated separately by each of the two scorers. Using the consensus score from both investigators ͑in case of nonconsensus, the average of the two scores was used͒, sensitivity for MPM was 100% and specificity was 90%. Diagnostic sensitivity for differentiating between malignant ͑5 to 6͒ versus nonmalignant ͑0 to 4͒ lesions was 95% ͑SE= 0.049͒ and specificity was 98% ͑SE= 0.020͒. Using the consensus score from both investigators ͑in case of nonconsensus, the higher of the two scores was used͒, sensitivity for MPM was 100% and specificity was 96%. In the clinical situation, fluorescence from oral microbes can be observed.
Combined OCT/MPM
A combined diagnostic score designed to take advantage of the two imaging modalities was created by taking the average of the two OCT readings and two MPM readings, rounded to the nearest whole number. The combined OCT/MPM rating agreed with histopathology for 32 of 35 ͑91%͒ readings ͑kappa= 0.900, SE= 0.055͒. This level of agreement is considered "almost perfect" on the Brothwell scale for oral epithelial dysplasia. 83 Histopathology was overestimated by one category in each of three cases by the combined OCT/MPM score. Diagnostic sensitivity of OCT/MPM for differentiating between healthy ͑0 to 1͒ versus pathological ͑2 to 6͒ lesions was 100% and specificity was 90% ͑SE= 0.49͒. Sensitivity for differentiating between malignant ͑5 to 6͒ and nonmalignant ͑0 to 4͒ lesions was 100% while specificity was 96% ͑SE= 0.028͒. Both the kappa statistic and high sensitivity/ specificity support the excellent imaging and diagnostic capabilities of the combined OCT/MPM approach.
Conclusion
OCT/ODT and MPM/SHG are promising noninvasive in vivo diagnostic modalities for oral dysplasia and malignancy.
